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ABSTRACT
This paper focuses on the seismic stability analysis of a hydraulic fill dam built in the mid-1920’s. The material properties of the dam were
characterizedusing data from soil borings, standard penetration, cone penetration and shear wave velocity tests. An effectivestress analysis
approach was used for the analysis. A finite difference code, Fast Lagrangian Analysis of Continua (FLAG), provided static and dynamic
shear stresses, excess pore water pressures, and deformations. The results obtained from the effective stress analyses are compared to the
results of liquefaction potential analyses based on SPT and CPT data. For seismic excitation, a real acceleration-time history and a
sinusoidal wave with the same peak ground accelerationare applied to the dam. In addition, constructing a berm to the downstream slope of
the dam and increasing the freeboard by lowering the water level in the reservoir are modeled and analyzed as two different rehabilitation
alternatives. The analysis revealed the following: 1) Limited liquefaction in the core of the dam would take place under the conditions
modeled. 2) The dam would exhibit larger deformations under sinusoidal wave condition, as compared to the real acceleration - time
history. 3) Both of the remediation techniques would significantly improve seismic stability of the dam.

INTRODUCTION

Construction Method

Since safety concerns for earth dams have increased in recent
years all over the world, especially in seismically active zones, it
has become necessary to reevaluate existing dams for new codes
and regulations. This paper presents the results of seismic
stability and rehabilitation analyses of an 80-year old hydraulic
fill dam.

This hydraulic fill dam was constructed by a hydraulic filling
method using local soil for the shell and the core. A concrete
masonry wall was constructed under the crest area of the dam
serving as both a hydraulic fill barrier for two-sided filling
operations and an impervious barrier in the core of the dam. Fig.
1 shows the plan view of the dam.

Site Location and Touomauhv
The hydraulic fill dam is located about 80 miles northeast of
Syracuse, New York. The region is generally characterized by
deeply cut valleys within Pleistocene glacial lake deltaic and
moraine deposits. These deposits overlay the Greenville series
metamorphicrocks, typically exposed in the foothills of the main
Adirondack massif. The numerous lake delta and recessional
moraine deposits dominate the site topography and generally
consist of poorly sorted gravelly sands with less than 10% silt
fractions.
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The construction method of the dam, hydraulic filling, consisted
of mixing the soil with large quantities of water, conveying the
mixture to the construction site through pipes and flumes, then
depositing it at the desired location. This method was popular for
earthfill dams during the years 1900 and 1940, because the
earthmoving equipment of that time was too small and
underpowered for large earthmoving operations.
During the construction,the borrow material was obtained from
the left and right abutments adjacent to the crest centerline. Two
construction berms parallel to the crest centerline, placed in
approximately five-foot lifts, were located on the edges of the
already constructed embankment. The borrow material, sand and
some gravel, was then sluiced into the embankment section
through a series of 20-inch diameter steel pipes between the
sluicing operations. The soil was not compacted.
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Fig.1. Plan view of the dam with locations of the tests.
CROSS SECTIONS
The focus of field investigations was on two critical crosssections, AA‘ and BB’. The reason for this was that at crosssection BB’ a wet spot has been detected over a period of time on
the downstream slope of the dam. This led to the assumption that
the dam was leaking and had the potential for failure. Therefore,
various field tests were performed at this particular cross-section,
to assess the soil properties and the leakage at the wet spot. The
other cross-section, cross-section AA’, was the largest and
highest cross-section of the dam. The idea behind the
investigation of this section was, if this cross-section was not
prone to failure, it was likely that smaller cross-sections would
not fail.

MATERIAL PROPERTIES

As part of the safety evaluations conducted in 1982 and 1994,
geotechnical investigations were undertaken at the dam to
evaluate subsurface conditions and provide data for stability
analyses. The field investigation consisted of drilling a number of
holes in the embankment to perform standard penetration tests,
cone penetration tests and shear wave velocity tests. The field
tests were. selected to identify different zones of the fill and
corresponding engineering properties.

trace amounts of silt and gravel and some with very thin layers of
silt /clay and medium to thick layers of fine gravel. The absence
of appreciable fines within the core is consistent with the local
geological deposits typically used as fill material. However, the
thin siltklay layers occurring within the core, combined with the
uniformly lower penetration resistance values at SPT-1 and SPT2 as compared to those in the shell, suggest a distinct difference
in relative density and soil behavior attributable to the method of
construction. Blow count values obtained at cross-sectionsAA’
and BB’ are given in Fig. 2 and Fig. 3 respectively. The shell,
with few exceptions, exhibits higher blow counts and generally
contains coarser material.
After evaluation of SPT, CPT and shear wave velocity test data,
a typical cross-section of the dam is assumed to consist of three
distinct zones (shell, transition zone ,and core), with engineering
properties listed below in Table 1.

Table 1. Summary of material properties at cros- section AA *.

Relative Density,(Dr)%
Density, pcf
Shear Modulus, (G) psf
Friction angle, (4) deg
Poisson’s ratio

Shell
60
115
1.60E+06
37
0.3

Transition
38
115
1.60E+06
30
0.3

Core
25
110
1.60E+06
28
0.3

The soil composition, based on the boring logs and penetration
test results, suggests that the dam is primarily composed of
poorly graded, subrounded, and subangular medium sand, with
Paper No. 5.43
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Fig. 2. SPT (N1)60for the cross-section AA .'
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Fig.3. SPT (Nl)60for the cross-section BB .'
To assess the relative density, the empirical correlation between
SPT N-value and relative density was used (Kulhawy and
Mayne, 1990). The internal angle of friction, (p was calculated
based on the correlation between N-value and (p, given by
Hatanaka and Uchida (1996). By using the empiricalrelationship
given by Seed et al. (1986), it was possible to calculate the shear
modulus, G. The relative density D,, internal angle of friction (p,
and the shear modulus G, were used to develop the zones of
cross-section AA' and BB' (Fig. 4). First, different soil types
were proposed at each boring (Fig. 5) based on SPT data, and
then engineeringproperties are calculated in detail for these soils
at cross-section AA' (Fig. 6) and cross-section BB' (Fig. 7).
Finally, average values were used for the modeling of the
layering system

inclination as the slope on the surface. The transition layer in
cross-section AA' is on the upstream and on the downstream side
about 20 feet thick, but has different engineering properties
compared to cross-section BB'. It has arelative density of 38 %

Based on the results, the shell was estimated to be approximately
20 feet thick. For cross-section BB', the transition layer was
modeled with a relative density of 45% an internal angle of
friction of 35" and a shear modulus of 1.60 E+O6psf. The shell is
about 20 feet thick on the upstream side and about 5 to 10 feet
thick on the downstream side of the dam. The upstream slope has
an inclination of 3H: 1V and the downstream slope has an
inclination of 2.5H: 1V. The inner layers have the same
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Fig. 4. Cross-sections AA 'and BB 'with different layers.
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Fig. 5. Detailed layering system at cross-sections AA 'and BB ,' based on SPT data.
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Fig. 7. Estimated material properties for cross-section BB ;
based on SPT data.
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and an internal friction angle of 30". The core in both crosssections has a maximum elevation of 1270feet, and goes down to
the rock. The most influential test used for the final zoning of the
dam was the SPT, because of the large number of tests. As CPTs
were only conducted at one location on each section, and the
Shear Wave Velocity was conducted only in one location at
cross-section AA', five SPT tests are available on the crosssection AA'.

Seed and Idriss ( 1971), and Seed and Harder (1 990).
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PREVIOUS STABILITY ANALYSES
The stability of the dam was first evaluated in 1982. A testing
company carried out SPT and laboratory tests and drilled well
points in the dam to assess soil types, piezometric pressures,
shear strength, and construction details of the dam. The stability
under both static and dynamic conditions was investigated. The
seismic stability analysis showed that:
1. No significant loss of strength or slope instabilitywould
occur either in the core or in the shell.
2. The dam was considered stable under the design
seismic loads, and the critical failure surface has a
factor of safety against sliding equal to 1.17 for a 0.lg
acceleration.
3. The critical section of the dam during seismic loading
was the upstream side of the dam.
4. Penetration resistance values measured in both the core
and the shell of the dam demonstrated that for the
calculated cyclic shear stress ratios, ranging from 0.08
to 0.11, and for 0.lg acceleration, there would be no
liquefaction based on the empirical studies of
Castro(1975) and Seed(1976).
In 1993, another company was contracted by the owner to
investigate the stability of the dam. Their analysis revealed that:
1. The core of the dam was prone to liquefy for a 0.1 l g
peak ground acceleration earthquake.
2. The deformations would be within tolerable limits and
that the dam would be still safe.
In 1994, another analysis, based on the 1982 data, stated that the
dam is potentially unstable following an earthquake. This
analysis was based on the method described by Seed and Harder
(1990) assuming an earthquake with a peak acceleration of 0.18g
for the downstream slope and 0.14 for the upstream slope.
The difference in the results of the analyses led the owner of the
dam to reevaluate the failure potential of the dam. New boreholes
are drilled in the dam, and new SPT, CPT and shear wave
velocity tests are performed in December 1994. Following the
investigations, it was concluded that:
1. The factor of safety for seismic stability was 1.2 during
an earthquake of magnitude 5.8 with a peak
acceleration of 0.13g.
2. The liquefactionwas likely to occur in isolated portions
of the core material (see Fig. 8) relationships given by
Paper No. 5.43

LiqueFactjon zones

Fig. 8. Isolated potential liquefaction zones in section AA .'
In summary, the stability analyses carried out on the hydraulic fill
dam can be classified into two groups. The first group of
analyses was based on limited field and laboratory data with an
assumed peak ground acceleration.These analysespredicted that
the dam is stable under seismic conditions. The second group of
analyses was based on a total stress analysis approach and was
conducted with new field data with a design earthquake of 5.8
magnitude. The engineeringproperties of the dam materials were
estimated by using SPT results. A finite element analysis was
performed to determine static and dynamic shear stresses in the
hydraulic fill dam. The results revealed limited liquefaction in
the core of the dam for this analysis.

NUMERICAL ANALYSIS
The seismic stability of the dam has been analyzed by different
investigators at different times, and each analysis has furnished
somewhat different results. To prevent any further uncertainty, a
refined analysis method, an effective stress method of analysis is
performed to assess the seismic stability of the dam.
For this purpose, a finite difference analysis software, FLAG,
was used to investigate dynamic response of the dam. The model
permits the generation of time dependant seismic pore pressure
change associated with liquefaction, and corresponding
deformations.

Static Analysis
The static analysis of the dam has been carried out in 5 stages:
1. Selection of the constitutive model (a Mohr Coulomb
Plasticity Model was used for the static analysis).
2. The dam was analyzed by forming a finite difference
mesh created with 30 horizontal and 17 vertical zones.
Then, the mesh was distorted by taking into account the
geometry, and the boundary conditions of the dam (Fig.
9). The vertical boundaries on both sides of the mesh
(i=l & i=31) were fixed against movement in both
directions. Similarly, the horizontal boundary at the
bottom Q=l) was also fixed in both directions.
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Fig. 9. Generated grid of the dam for cross-section AA'
including the rock foundation.
3. Material properties (see Table 1) were assigned to the
soil layering system (Fig. 10) in the model, and the dam
was compacted. (Soil stress state was established by
applying the gravity of the soil)

Fig. IO. Material boundaries for cross- section AA .'
The reservoir was filled. (By applying a mechanical
pressure to the upstream face of the dam, the dam
responds mechanically. This stage takes place rapidly,
so that fluid flow is not allowed).
5. A phreatic surface was developed within the dam
(Boundary pore pressures and saturation conditions
were assigned. The model was run until it reaches the
steady-state condition.

4.

Running the static model
The static model was first allowed to reach equilibrium under
gravitational loads. This was achieved by assigning very high
values for the cohesion of different soils in the dam, which
simulated elastic behavior and thus prevented failure at this
stage. After stepping to equilibrium, the displacementsof the grid
points were initialized to zero. Thereafter, the real values of
cohesion were assigned to the model and the model was run in
the large-strain model.
Another critical factor for the static analysis is the modeling of
the phreatic surface, which was allowed to develop by specifying
boundary pore pressures and saturation conditions. The model
was run until it reached the steady-statecondition. Streamlinesat
the steady-state condition are shown in Fig. 11.
Once the equilibrium flow field was established, a final
mechanical adjustment was needed. Because some of the
material became partially saturated, so the gravity loading was
less, and the effective stress changed, which may have cause
plastic flow to occur. During this stage, fluid flow, and pore
pressure changes were not allowed.

Fig. I I . Stream lines in the hydraulic fill dam at steady-state
condition.
range of 800psf to 12OOpsf. These values were slightly higher
than the total stress analysis finite element results with a
maximum 520psf at the upstream slope and 815psf at the
downstream slope.
The maximum vertical displacement in the dam under static
conditions takes place right above the core and is in the range of
0.llft to O.l3ft, with a value of 0.13ft at the crest. This value is
in very good agreement with the total stress analysis, which gave
a crest displacement of 0.13ft. On the other hand horizontal
displacementswere much smaller than the vertical displacements
with a maximum value at the upstream slope with values in the
range of 0.06ft to 0.08ft.A~a result, at the end of the static
analysis, the system was in mechanical and fluid equilibrium,
ready for dynamic excitation.

Dynamic Analysis
There are three aspects that should be consideredwhen preparing
a FLAG model for a dynamic analysis. These are: (1) dynamic
loading and boundary conditions; (2) damping; and (3) wave
transmission through the model. A fourth aspect will be added
for liquefaction simulation, which is constitutive modeling for
dynamic pore pressure generation.
Two different acceleration-time histories were applied to the dam
at its horizontal boundary at the bottom (j=I). These two
different types of acceleration-time histories enabled the
investigation of the effect of shaking wave on the response of the
dam when the maximum acceleration was identical for both.
One of the acceleration-time histories (Fig. 9) corresponds to an
earthquake, which took place in Coalinga, California in February
2,1983 at Parkfield Fault Zone 16,000. The acceleration time
history of the earthquake is given in Fig. 12. The duration of the
earthquake was 15 seconds, with a magnitude of 5.5 and it has a
peak ground acceleration of 0.13g.

020
0.10

5m

1

0.00
-0.1 0

-0.20 J

Finally, static shear stresses in the dam were obtained. The static
shear stress at the upstream slope was in the range of 400psf to
8OOpsf. For the downstream slope the values are higher with a
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Fig. 12. Earthquake input motion with PGA = 0.13g.
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The other acceleration-time history (Fig. 13) applied to the dam
is a sinusoidal wave with a similar appearance to that of a real
earthquake, with the same peak ground acceleration value of
0.13g.

m

0.20,
0.10

g 0.00
m

-0.10

-0.20J
time. second

Therefore, the increase of pore pressure is found to be :

where ne represents the porosity of the soil sample, and K, is
water bulk modulus, normally of the order of 4x107 pcf.
Comparing to the soil rebound modulus E,, which is of the order
of IO6 pcf, volume change in voids can be considered as zero
during cyclic loading. The resulting simplification on Equation
(3) leads to the following conclusion for pore water pressure
generation under cyclic loading (one cycle):

Fig. 13. Sinusoidal wave with PGA = 0.13g.
The dynamic model was constructed based on the boundary
conditions specified during the static modeling. The difference
was that, instead of using the Mohr-Coulomb Plasticity Model,
Finn's Model and corresponding soil parameters were assigned
to the elements in the finite difference mesh. Steady-state pore
pressure values were kept unchanged and imported into the
dynamic model. The dynamic excitations were applied to the
model in form of acceleration time histories. Other parameters,
such as damping, and pore pressure parameters were also
specified before the final run as shown in Table 2.
Dynamic Pore Water Pressure Generation
One of the most critical issues in dynamic modeling of an earth
dam is availability of a constitutive model for dynamic pore
water pressure generation. FLAC provides such a model, called
the Finn Model, incorporated into the standard Mohr-Coulomb
Plasticity Model.
The interrelationship between volume change under drained
conditions and pore pressure change under undrained conditions
during cyclic loading was developed by Martin et al. (1975).
This relationship is used in FLAC as the skeleton of Finn's
Constitutive Model.

, ) to the rebound of
The recoverable volumetric strain ( A E ~ due
the soil skeleton under a release of effectivestress, was expressed
in an analytical form by Martin et al. (1975):
= k (orv0)"~"'
(orv)"'

(5)

The controlling parameters k,m, and n in the above equation can
be obtained from a series of experimentalunloading curves under
different initial vertical stresses (orv,.)
The tangent rebound
modulus E, of the one dimensional unloading curve at any stress
point IS',,therefore can be expressed as:

E, = do', / ds, = IS^.,)""' / mk ( G ' ~ , ) " - ~

(6)

The volumetric strain characteristics investigated by Silver and
Seed (1971) are under a uniform cyclic shear strain amplitude.
However, during an earthquake, the field deposit undergoes a
nonuniform cyclic shear strain amplitude. Martin et al. (1975)
proposed an experimental formula, which used a numerical
analysis regarding volumetric strain changes. This formula is
based on the hypothesis that the volumetric strain increment
(As,) for a given cycle depends on the total accumulated
volumetric strain ( ~ , d ) from previous cycles and the amplitude of
cyclic shear strain y for the current cycle. The formula is in the
form of:

Martin's Four-Parameter Pore Pressure Generation Model
Under undrained conditions, the volume change (Asvd)induced
by the slippage of soil grains during one cycle of shear loading
causes an increase in pore water pressure (Au). The initial
effective stress carried by soil grains is reduced, leading to a
recovery of elastic volumetric strain (As,,) stored by the grains
to maintain constant volume. Considering one cycle of cyclic
shear strain amplitude, the change in volume of voids must be
equal to the net change in volume of sand structure, that is,

Combining equations (4), (6) and (7) together leads to an
effective stress constitutive model that can predict the excess
pore pressure buildup time history during a nonuniform cyclic
loading, such as earthquake excitation, leading to an evaluation
of liquefaction potential.

Table 2. Summary of dynamic soil properties

C1

where the elastic recovery of the volumetric strain can be found
from the elastic one-dimensional rebound modulus (€$) as
follows:
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C2
c3
c4
DamDina. %

Shell
0.467
0.60
0.16
0.37
10

Transition
0.913
0.46
0.16
0.37
10

Core
0.85
0.46
0.16
0.37
10
7

Fig. 14. Critical grid points in the core for cross-section AA 1

RESULTS
The response of the dam to dynamic excitation was obtained
through time history files for different locations in the dam. The
focus was on elements located below the phreatic line. The core,
which is the weakest zone in the dam, has some elementsthat are
prone to liquefaction (Fig. 14). Time history of excess pore water
pressure at different grid points in the core are generated and
plotted. These plots contain time histories of the grid points
where liquefaction will most likely take place.

Similar to grid point AI, at grid points A2 (i=lO,j=S) and
Bl(i=lOj=9>, the time histories of the excess pore water
pressures reach a peak value at t=4 seconds and then stay
constant after a small drop at t=8 second (Fig. 17 and Fig.18). At
grid point A2, the excess pore water pressure is increasing almost
100% from an initial value of 2250psf to 45OOpsf, and then
levels off at 4OOOpsf.

6000

Figure 15 and Fig. 16 show the time history of excess pore water
pressure and effective stress at grid point A1 (i=9,j=8) located at
the upstream puddle core (Fig. 14). The excess pore water
pressure, which can be defined as the increment of pore water
pressure from the initial pore water pressure, first increases from
around 2000psf to a peak value of 4500psf at a time of 4 seconds
and then drops down to a steady-state value after the
redistribution takes place at t=8s.
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Fig. 17. Time history of excess pore water pressure at point A2.
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Fig. 15. Time history of excess pore waterpressure atpoint AI.
On the other hand, Fig. 16 clearly shows that the effective stress
at that grid point AI becomes almost zero at t=8s from an initial
effective stress value of 22OOpsf. So, liquefaction is expected at
this grid point .
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Fig. 18. Time history of excess pore water pressure at point B l .
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Fig. 16. Time history of effective stress atpointAl.
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Fig. 19. Time history of effective stress at point BI.
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The grid point B1 has an effective stress time history with an
initial vertical effective stress of around 32OOpsf, which then
drops down to 500psf (Fig. 19). As a result, liquefaction is
expected at these two grid points based on excess pore water
pressure time histories.
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3000
b 2000

g

P

For other grid points in the core the average excess pore water
pressure remains constant during the earthquake loading. So, it is
expected localized liquefaction will occur at elements around the
grid points A l , A2 and B1.
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Fig. 22. Time history of excess pore water pressure at point A3.

Pore Pressure Response During Sinusoidal Loading
6000

When a sinusoidal wave is applied to the base of the dam instead
of a real earthquake, keeping the peak ground acceleration the
same, the response of the dam is quite different. Excess pore
pressure time histories for grid points A1 and A2 (Fig. 20 and
Fig. 21) exhibit a similar behavior to that of the first case.
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Fig. 23. Time history of excess pore water pressure atpoint B2.
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Fig. 20. Time history of excess pore waterpressure at point A I .
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The excess pore pressure plots first increase to the maximum
value at t=2 seconds and then flatten after t=7 seconds.
Liquefaction is expected to take place at regions around these
two grid points with an almost 100% increase in pore water
pressure values.
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Fig. 24. Time history of excess pore waterpressure atpoint CI.
A different time history is recorded at a downstream grid point
C2(18,7). Until now, all the points that are expected to be
liquefied in both cases were at the upstream slope of the dam.
But the excess pore pressure time history at grid point C2 shows
an increase from its initial value llOOpsf to 4000psf at t=12
seconds (Fig. 25)

4000 -

% 30002
p 2000-

c 5000
0

2

4

6

8

10

12

14

time, second

3000

;2000

:

1000

Fig. 21. Time history of excess pore water pressure at point A2.
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When some other grid points such as A3(i=1lj=S), B2(i=12j=9)
and Cl(i=17,j=lO) are analyzed in terms of their excess pore
water pressure time histories, it is obvious that no liquefaction is
likely to occur at these points (Fig. 22, Fig. 23, Fig. 24).
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Fig.25. Time history of excess pore water pressure at point C2.
Accordingly the excess pore pressure reached the stress level of
the initial vertical effective stress which was 3900psf at grid
point (18,7) and the soil has lost all of its stiffness. Localized
liquefaction is expected at this point.
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Deformation Analvsis
The results of the effective stress deformation analysis for the
hydraulic fill dam when subjected to the real earthquake
acceleration - time history are presented and compared with the
results of total stress analysis in Table 3.

Table 3. The results of deformation analyses.

Static. ft
Dynamic, ft
Total, ft

Total Stress
Analysis
Horizontal Vertical
0.02
0.13
0.02
0.01
0.04
0.14

Effective Stress
Analysis
Horizontal Vertical
0.08
0.13
0.07
0.22
0.15
0.35

The finite difference modeling with FLAC yielded larger vertical
and horizontal displacements compared to the total stress
analysis. The difference was 0.21ft for maximum vertical
displacement and 0.11ft for maximum horizontal displacement.
The deformation analysis shows that the maximum horizontal
displacement in the dam takes place at the downstream part of
the dam with a maximum value of 0.15ft. In terms of vertical
displacements the maximum vertical displacement value was
recorded at the crest.
The total stress analysis yielded a maximum horizontal
displacement of O.O6ft, which was also estimated at the
downstreampart of the dam. The maximum vertical displacement
after the dynamic loading was given as 0.14ft for the total stress
analysis of which 0.13ft corresponds to static displacement. So,
the dynamic component of the total displacement was limited to
0.Olft. When this information is analyzed together with the
deformed shape of the dam (Fig. 26) (deformationsare magnified
4 times), the dam appeared to be safe for an earthquake of
magnitude 5.5 with a peak ground acceleration of 0.13g.

For the sinusoidal wave loading case, the downstream slope is
unstable. The potential failure surface of the downstream slope
passes through the grid point C2, where the stiffness of the soil
decreased significantly due to liquefaction.
The potential for a slip surface at the downstream slope of the
dam necessitates the use of remediation techniques to increase
the seismic stability. Although liquefaction also occurs at the
upstream slope of the dam, these regions remain localized and do
not trigger any potential slope failure.

Rehabilitation Analysis
A recent survey by Marcusson et al. (1996) on case histories of
seismic rehabilitation of earth dams in North America identified
30 dams with engineering improvements and 22 with operational
improvements (e.g., pool level reductions). Some of these
rehabilitations were done mainly for the improvement of seismic
stability. Of these dams, 13 had seismically deficient
foundations, 15 had deficient embankments, and 8 had
deficienciesin both embankments and foundations. Of those with
different embankments, nearly all were hydraulic fill dams. In
almost all cases, deficiencies were established based upon
analysis of what was predicted to happen in a design earthquake.
The methods of rehabilitation presented were:
1. Removal of loose or weak material and replacement 11 cases
2. Addition of upstream or downstream berms or
buttresses or blankets - 8 cases
3. Permanent reduction in pool level or increase in
freeboard - 6 cases
4. Removal of the dam from service or replacement with a
new one - 5 cases.
5. In-situ densification of foundation soils - 4 cases
6. Construction of drain, jet grouting, and inclusions.
Therefore, the Marcusson et al. (1996) survey showed that for
engineered improvements,the most common practices have been
to 1) remove and replace the problem material with a nonliquefiable soil, 2) use berms, and 3) reduce the pool level or
increase the freeboard.

Fig. 26 Deformed mesh at the end of earthquake loading.
However, when the deformed shape of the dam for the sinusoidal
wave loading case is analyzed (Fig. 27), (deformations are
magnified 4 times), there is an obvious danger for the excessive
deformation of the dam due to liquefaction of the region around
the grid point C2.

Rehabilitation of the Dam
Based on the results of the dynamic effective stress analysis,
although the dam is found to be stable under a 5.5 magnitude
design earthquake with a 0.13 g peak ground acceleration,
localized liquefaction is anticipated at the bottom of the loose
upstream puddle core. Therefore, the zones that are prone to
liquefaction should be improved. The overall purpose would-be
to increase the stability of the dam by reducing the seismically
induced deformations, and to improve the resistance of the loose
fill material against liquefaction.

Fig. 27 Deformed mesh at the end of sinusoidal wave loading
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Among the possible alternatives for rehabilitating the dam 1)
lowering the reservoir level and 2) constructing a berm to the
downstream slope are selected for the remediation work. The
advantages of these two options over the others can be better
understood by emphasizing the disadvantages of the other
options for this particular application.
The replacement method is relatively easy to execute, but it is
usually applied to cases where the target area of improvement is
relatively shallow and partial, and for most cases replaced
material will require compaction and even dewatering. So, this
alternative can easily be ruled out, because any attempt to
excavate the loose material from the bottom of the core will
result in disturbance of the material, cracking of the dam and
possible loosening of some other parts. Besides, during
construction, the water level in the reservoir should be lowered
which will bring extra cost for the construction.
The densification method is maybe the method with the greatest
reliability because of its effectiveness of improvement.
Therefore, this method is considered the most nearly standard
rehabilitation measure against liquefaction. There is, however, a
problem with the method, in that it has relatively large effects on
the surrounding environment due to vibration during execution.
So again, the concerns regarding the disturbance of the fill
material at other zones of the dam, and the difficulty to get heavy
construction machines on the dam will give rise to additional
stability concerns, which will make this option impractical.
The strengthening method has the advantages that the
effectivenessof improvementagainst liquefactionis reliable and
the execution can be conducted with small vibration. However
this method can be costly when applied to a soil at a depth of 60
feet, which is the case for this dam. This method can be more
effective when applied to dams with foundation materials prone
to liquefaction.
Finally based on the merits, drawbacks, and cost performance of
these methods, lowering the reservoir level and constructing a
downstream berm are selected for the dam rehabilitation
operation.

Results of Rehabilitation Analvsis
The effects of two different rehabilitation techniques on the
hydraulic fill dam when subjected to a real earthquake
acceleration- time history are presented in Table 4.The method
of lowering the ground water level prevented liquefaction by
decreasing the degree of saturation of the target loose hydraulic
fill material in the core and by increasing the initial effective
overburden pressure.
The water in the reservoir was lowered by 10 feet for the
analysis. At the potential liquefaction zone, located at the
upstream part of the core, the decrease in the pore water pressure
was around 30% (initially it was 21OOpsf, after the lowering it
decreased to 1500psf).
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A 20 feet high berm was modeled (Fig. 28) for the analysis. Even
though the berm did not prevent liquefaction at the upstream part
of the core, it increased the stability by lowering the horizontal
and vertical displacements.

Fig.28. The finite difference mesh a f e r the construction of the
berm.

Table 4. Estimated Total Maximum Deformations before and
after the Rehabilitation

Before
Rehabilitation
Reservoir
Lowering
Constructing
Berm

Effective Stress Analvsis
Horizontal, ft
Vertical, ft
0.15
0.35
0.10

0.25

0.09

0.20

CONCLUSION
A study has been conducted to evaluate the seismic stability of a
hydraulic fill dam. Field investigations were performed to asses
soil types, shear strength properties, and construction details that
control stability. Based on an annual probability of exceedance
equal to 0.00023, a design earthquake of 0.13g peak ground
acceleration was used for the analysis. The seismic stability
analysis showed that the dam, in spite of the localized liquefied
zones at the core, will not deform excessively during an
earthquake of 0.13g acceleration. Effective stress analysis
predicted larger deformations compared to the total stress
analysis. Liquefaction was estimated to take place at the
upstream part of the core, at the same locations predicted by the
total stress analysis.
The results of these evaluations suggest that the hydraulic fill
dam is safe. The only concern might be the occurrence of a slope
failure at the downstream part of the dam during an earthquake.
However this could be prevented with the proposed rehabilitation
measures. The construction of an upstream berm or lowering the
reservoir would be effective alternatives.
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